Abstract The epithelial-mesenchymal transition (EMT) occurs commonly during carcinoma invasion and metastasis, but not during early tumorigenesis. Microarray data demonstrated elevation of vimentin, a mesenchymal marker, in intestinal adenomas from Apc Min/+ (Min) mice. We have tested the involvement of EMT in early tumorigenesis in mammalian intestines by following EMT-associated markers. Elevated vimentin RNA expression and protein production were detected within neoplastic cells in murine intestinal adenomas. Similarly, vimentin protein was detected in both adenomas and invasive adenocarcinomas of the human colon, but not in the normal colonic epithelium or in hyperplastic polyps. Expression of E-cadherin varied inversely with vimentin. In addition, the expression of fibronectin was elevated while that of E-cadherin decreased. Canonical E-cadherin suppressors, such as Snail, were not elevated in the same tumor. Elevated vimentin expression in the adenoma was not correlated with persistent Ras signaling, but was strongly correlated with reduced proliferation indices, active Wnt signaling, and TGF-b signaling, as demonstrated by its dependence on Smad3. We designate our observations of expression of only some of the canonical features of EMT as ''truncated EMT''. These unexpected observations are interpreted as reflecting the involvement of a core of the EMT system during the tissue remodeling of early tumorigenesis.
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. Although the burden of this disease has been substantially reduced by the early detection of benign colonic adenomas (Smith et al. 2001) , treatments are very ineffective against invasive and metastatic colonic tumors. Since most, if not all, cancer deaths are caused by metastasis (Sporn 1996) , it is important to elucidate the mechanisms involved in tumor invasion and metastasis. Loss of wild-type Apc function is the most frequent mutational event in human colon cancer (Wood et al. 2007 ). Animal models for intestinal neoplasia, such as the Apc Min mouse model (Moser et al. 1990 ) and the Apc Pirc rat model (Amos-Landgraf et al. 2007 ), involve germline mutations in the Apc gene. Neoplastic cells undergo a series of changes in morphology and gene expression as colorectal adenomas progress to invasive adenocarcinomas (Hanahan and Weinberg 2000) . One major change is the epithelial-mesenchymal transition (EMT) (Gotzmann et al. 2004; . In this process, neoplastic cells lose common epithelial features, including cell polarity, adhesion junctions between adjacent cells, and well-organized cell layers. At the same time, these cells acquire mesenchymal features such as cell motility and plasticity. In addition, these morphological transitions are accompanied by the loss of epithelium-associated markers, such as E-cadherin, and a gain of mesenchymal proteins, including vimentin and fibronectin (Yang et al. 2004) . The EMT process, first identified in embryonic development (Greenburg and Hay 1982) , is now considered by some to be a critical event for the invasion and metastasis of epithelial tumors (Savagner 2001 ; but see Tarin et al. 2005 and Christiansen and Rajasekaran 2006) . The morphological alterations during EMT would allow neoplastic cells to escape from the epithelial cohort and migrate through different tissue barriers to reach neighboring lymph nodes or enter the circulation (Kang and Massague 2004) . The EMT process and EMT-like alterations have been described in human carcinomas of several types (Gotzmann et al. 2004) , including breast (Reeves et al. 2001) , prostate (Park et al. 2000) , pancreas (Menke et al. 2001) and colon . A number of models have recently been established to study EMT in advanced neoplastic cells (Gotzmann et al. 2004) . Because of the difficulty in distinguishing normal mesenchymal cells from those transformed from epithelium by the EMT in the intact animal, most of these models use established cancer cell lines or organotypic cultures in vitro, in which the EMT is generated by exogenous inducers, such as TGF-b (Gotzmann et al. 2004; . Here we report the unexpectedly early appearance of several molecular alterations characteristic of EMT in benign adenomas from an autochthonous mouse intestinal cancer model. This discovery opens the way to the further study of elements of EMT in tissue remodeling in an in vivo setting.
Materials and methods
Mouse maintenance
Mouse colonies were bred and maintained in the AALACapproved animal facility of the McArdle Laboratory for Cancer Research. Husbandry and genotyping for Apc Min , Apc  1638N and Smad3 was carried out as described previously (Su et al. 1992; Fodde et al. 1994; Zhu et al. 1998 ).
Tissue collection and preparation
Min mice were euthanized between 65 and 250 days of age. After removal of the colon, tumors were isolated and fixed immediately in RNAlater Ò stabilization reagent (10 ml/g of wet weight; Qiagen, Valencia, CA). Total RNA was isolated with TRIzol Ò reagent (Invitrogen, Carlsbad, CA) according to the manufacturer's protocol. For histology, the tumors from the small intestine, the cecum, and the colon, along with adjacent normal tissues, were isolated, put immediately into 10% formalin solution for overnight fixation and stored in 70% ethanol. Tissues were then dehydrated and processed under RNase-free conditions to produce 5 lm paraffin sections on positivelycharged slides in the histology facility of the McArdle Laboratory. Tumor sections from Apc 1638N/+ (1638N) mice, Smad3-deficient mice and Smad3-deficient Min mice were prepared in the same way. The embedded murine colonic tumors induced by AOM were kindly provided by Dr. David Threadgill at the University of North Carolina at Chapel Hill.
Human materials
Anonymous archived sections of human colonic tissues were kindly provided by Dr. Jose Torrealba at Department of Pathology, University of Wisconsin at Madison, WI.
RT-PCR and in situ hybridization (ISH)
Gene-specific primers (20 bp) were designed to generate DNA templates to synthesize probes by RT-PCR. These included: vimentin forward (5 0 -ATGTCTACCAGGTCTG TGTC-3 0 ), vimentin reverse (5 0 -TCCTGCAATTTCTCTC GCAG-3 0 ), E-cadherin forward (5 0 -CATCAGTGTGCTCA CCTCTG-3 0 ), E-cadherin reverse (5-CTCTCGAGCGGTA TAAGATG-3 0 ), fibronectin forward (5 0 -GTGGAAGTGT GAGCGACATG-3 0 ), and fibronectin reverse (5 0 -GAT CGGCATCGTAGTTCTGG-3 0 ). The Titan One Ò RT-PCR system (Roche, Indianapolis, IN) was used to generate corresponding cDNA fragments with total RNA from colonic tumors according to the manufacturer's protocol. The resulting cDNA fragments were used to generate DNA templates by PCR for probes for ISH. PCR was performed with gene-specific primers with a tag of the T7 RNA polymerase promoter (5 0 -CTAATACGACTCACTATAGG G-3 0 ) on the 5 0 end of one primer or the other. The resulting templates were gel-purified and transcribed in vitro with T7 polymerase (Roche), using a digoxygenin-labeled NTP mix (Roche) to synthesize cRNA probes (antisense and sense) according to the manufacturer's instructions. The synthesized probes were sized by electrophoresis. Nonradioactive ISH was then performed on paraffin sections as previously described (Chen et al. 2003) .
Antibodies and immunohistochemistry (IHC)
Antibodies against vimentin (monoclonal biotin-conjugated, clone 3B4, RDI, Flanders, NJ; polyclonal, AbCam, Cambridge, UK), Ki67 (monoclonal, BD Pharmagen, Chicago, IL), phospho-Smad2 (pSmad2; polyclonal, Cell Signaling Technology, Beverly, MA), phosphorylated-p44/ 42 mitogen-activated protein kinase (pMAPK; monoclonal, Cell Signaling Technology), Snail (monoclonal, a generous gift from Dr. I. Virtanen of University of Helsinki, Helsinki, Finland) (Franci et al. 2006) , Slug, twist, and ILK (polyclonal, Santa Cruz Biotechnology, Inc, Santa Cruz, CA) were used as primary antibodies for immunohistochemistry (IHC). The procedure was performed on paraffin sections of mouse and human tumors with the Histostain Ò Plus (DAB) kit (Zymed Laboratories, South San Francisco, CA) according to the manufacturer's instructions. For antibodies that did not show expected staining, antigenretrieval protocols using citrate buffer (pH 6.0) and TrisHCl buffer (pH 10.5) were tested.
Immunofluorescence (IF)
Paraffin sections (5 lm) were dewaxed in xylene, rehydrated in an ethanol:H 2 O series (100%, 90%, 70%, 50%), and antigen-retrieved by microwaving in citrate buffer (pH 6.0) for 25 min at full power. Normal goat serum was used to reduce nonspecific binding. Monoclonal antibody against b-catenin (BD Transduction Laboratories, San Jose, CA; 1:200 dilution) or monoclonal antibody against Ecadherin (BD Transduction Laboratories, San Jose, CA; 1:100 dilution), and affinity-purified polyclonal antibody against wild-type Apc (serum 3122; 1:100 dilution) or polyclonal antibody against vimentin (AbCam, Cambridge, UK; 1:100) were incubated on sections at 4°C overnight.
Excess antibody was removed by washing three times (5 min each) with phosphate-buffered saline containing 0.1% Tween 20 (PBST). The secondary antibodies, goat anti-rabbit FITC, (Invitrogen; 1:200 dilution) and goat antimouse Alexa Fluor Ò 594 (Invitrogen; 1:200 dilution), were then applied for 1 h at room temperature. Excess antibodies were washed away with PBST and sections were counterstained with 4 0 ,6-diamidino-2-phenylindole (1 lg/ml; Sigma), followed by the addition of coverslips without dehydration.
Statistics
All staining results were scored by the same investigator (XC). The P values were calculated using the two-sided Fisher's exact test.
Results
Ectopic expression and production of vimentin in intestinal tumors of Min mice
A study of transcript abundance in colonic tumors conducted in the laboratories of B. Aronow, R. Coffey, T. Doetschman, W. Dove, J. Groden, and D. Threadgill of the Mouse Models for Human Cancer Consortium, has indicated that the expression of vimentin is strongly elevated in colonic tumors of the Min mouse (Kaiser et al. 2007) . Vimentin is an established marker for mesenchymal cells (Ngai et al. 1985) and is not expressed in the normal intestinal epithelium. Therefore, we have further investigated the temporal and spatial patterns of vimentin expression during intestinal adenomagenesis (Table 1) .
Colonic tumors from C57BL/6J (B6) Min mice were tested for vimentin expression using in situ hybridization (ISH) . Strong signals were observed in 74 out of 79 tumors (94%; Fig. 1a ), but were undetectable in the adjacent normal epithelium (Fig. 1c , magnified from the box in Fig. 1a ). Microscopy at higher magnification revealed that strong vimentin staining was localized to the cytoplasm of colonic neoplastic cells with characteristic epithelial organization (Fig. 1d , black arrows). As expected, the expression of vimentin can also be detected in normal mesenchymal cells (Fig. 1d , white-filled arrows). Strong expression was also observed in adenomas from the small intestine, although at a lower frequency than in the colon [45 out of 57 (79%) Fig. 1e , 79% vs. 94%, P \ 0.05].
IHC on colonic tumor sections detected strong protein signals in the same regions where the vimentin RNA was detected. In those neoplastic cells maintaining epithelial morphology, vimentin protein was localized mainly to the basolateral regions of the cytoplasm ( Fig. 1f black arrows) while mesenchymal cells gave the expected signals ( Fig. 1f white-filled arrows).
Temporal, biological and spatial patterns of tumor-associated vimentin expression
Intestinal lesions can be defined as hyperplastic polyps, microadenomas, adenomas, or adenocarcinomas. Hyperplastic polyps (Bond 2000) can frequently be found in the colons of Min mice (XC, unpublished observations) but ISH showed that these lack detectable vimentin expression (n = 5, data not shown). By contrast, microadenomas involving only 3-5 crypts in the colon and small intestine have strongly elevated vimentin RNA (3/3 tumors; Fig. 1g arrows). Thus, vimentin expression becomes detectable at an early stage of tumorigenesis. These lesions show features typical of adenomas, including enlarged nuclei and dysplasia.
Min mice on the tumor-resistant [C57BR/cdcJ (BR) 9 B6] F1 genetic background have reduced tumor multiplicities and hence longer life spans. Some mice as old as 250 days develop locally invasive intestinal tumors, reaching into the submucosa and/or musculature layers. In these tumors, IHC demonstrated strong vimentin expression not only in the epithelia of the primary tumor but also in the neoplastic cells invading the submucosa and muscular layer (2/2 tumors; Fig. 1h arrows) .
Ectopic vimentin expression was not evenly distributed in all neoplastic cells, but was patchy in tumor sections with varied intensity within a single tumor. These patches were found in both central and peripheral tumor regions.
Vimentin expression is robust to genetic background effects on the Min phenotype
The Min phenotype is dramatically affected by genetic background. On the inbred B6 background, Min mice develop an average of 100 intestinal tumors. On the inbred BTBR/Pas (BTBR) strain, however, the number is nearly 5-fold higher ), while on the inbred 129S6 (129) Discrimination between the human colonic adenoma and the hyperplastic polyp by IHC for vimentin Previous reports of EMT in human colorectal cancers have described this event only in invasive/metastatic adenocarcinomas or in cell lines derived from such adenocarcinomas Brabletz et al. 2005) . Therefore, we examined early benign human colorectal tumors for vimentin expression using a monoclonal antibody against human vimentin. Hyperplastic polyps are abnormalities in the human colon of unknown neoplastic potential (Bond 2000) . Normal human epithelium (n = 3 anonymous sections) and hyperplastic polyps (n = 4 anonymous sections) did not exhibit ectopic production of vimentin (Fig. 2a, b ), but strong vimentin staining was detected in cells of mesenchymal origin in the same sections (serving as an internal control). Benign human colonic tumors are classified histologically as either tubular or villous adenomas. Although vimentin protein was absent in most neoplastic cells of tubular adenomas (Fig. 2c) , it was detected in the cytoplasm of a subset of neoplastic cells within this adenoma type (Fig. 2d) . Villous adenomas, which show high grade dysplasia, are considered more advanced than the tubular lesions. Some such tumors were free of vimentin (Fig. 2e) , while others showed strong staining (Fig. 2f) , exhibiting a patchy distribution. As in murine adenomas, a patchy pattern of vimentin expression could be observed in both the peripheral and central regions of human villous adenomas. However, the distribution pattern of vimentin differed between murine and human tumors. In the human adenomas, vimentin was not restricted to the basolateral region of neoplastic cells.
Vimentin in the invasive adenocarcinoma of the human colon Three invasive human adenocarcinomas were included in our study. In these cancers, invasion extended into the submucosa and the muscular layer. Interestingly, vimentin production was not uniform as the tumor invaded into deeper structures. Some invading neoplastic cells gave no detectable vimentin signals (Fig. 2g) , while others from the same tumor expressed strong signals (Fig. 2h arrows) . Compared with villous adenomas, the vimentin signals in invading neoplastic cells were more evenly distributed in the cytoplasm, indicating that these cells were less polarized. Stromal cells and other mesenchymal cells in human sections served as positive controls, showing strong uniform vimentin staining.
The EMT core: vimentin and fibronectin expression and E-cadherin extinction Expression of vimentin, a classical mesenchymal marker, in neoplastic cells derived from the colonic epithelium suggests that these cells are initiating the molecular program associated with EMT. One of the hallmarks of EMT is loss of the epithelial marker, E-cadherin. ISH showed that E-cadherin RNA is present in most neoplastic cells as well as in normal intestinal epithelium (Fig. 3a) . However, the expression level varied greatly in different regions of colonic tumors.
Vimentin and E-cadherin RNA staining in adjacent sections of Min colonic tumors revealed reciprocal expression patterns (Fig. 3a, b ): E-cadherin was much lower in regions where vimentin was strongly expressed (Fig. 3a , b black arrows), while vimentin was barely detectable in most regions maintaining strong E-cadherin expression (Fig. 3a, b white-filled arrows). This reciprocal pattern was observed in all tumors examined (n = 7), although rare neoplastic cells maintained moderate expression of both genes. These results further support the suggestion that some neoplastic cells of early intestinal adenomas in Min mice are initiating EMT.
Fibronectin is an extracellular adhesion molecule, serving as an anchor to connect cells with the extracellular matrix (Wierzbicka-Patynowski and Schwarzbauer 2003) . This protein is often used as a mesenchymal marker, since it is usually expressed in cells of mesenchymal origin (Limper and Roman 1992) as well as in some types of epithelial neoplastic cells undergoing EMT (Maschler et al. 2005) . To investigate whether fibronectin is expressed in murine colonic neoplastic cells, ISH was performed with fibronectin-specific probes. Some epithelial-like neoplastic cells demonstrated weak to moderate expression (Fig. 3d) , although most neoplastic cells, as well as normal epithelial cells adjacent to the tumor, were fibronectin-free. We compared the expression of fibronectin with adjacent sections stained for vimentin and E-cadherin. To our surprise, the regions showing fibronectin expression were different from those staining strongly for vimentin. Instead, fibronectin-positive regions showed reduced but moderate expression of E-cadherin and weak expression of vimentin (Fig. 3c, e, arrows) . The stromal cells and other mesenchymal cells within the tumor sections were used as internal positive controls, and, as expected, expressed both fibronectin and vimentin.
Truncation of the EMT system in adenomas: lack of snail expression Snail is a zinc-finger transcription factor. It suppresses expression of E-cadherin, contributing to the initiation of classical EMT (Cano et al. 2000) . To determine whether Snail is involved in the reduction of E-cadherin and elevation of vimentin that we have observed in adenomas, ISH and IHC were performed on the Min colonic tumor sections. Both approaches detected weak signals, localized mainly in normal mesenchymal cells (data not shown). A mouse blastocyst section, used as positive control for the Snail antibody (Franci et al. 2006) in the same experiment, demonstrated strong staining of Snail in the extra-embryonic cells (data not shown). Since Snail is not expressed in the tumor cells that show a reduction of E-cadherin and an increase of vimentin levels, we concluded that the elements of EMT that we have observed in adenomas are not associated with Snail. We have also examined by ISH and IHC other known E-cadherin suppressors/EMT inducers, including slug (Nieto et al. 1994 ), Smad interacting protein 1 (SIP1) (Comijn et al. 2001) , twist (Yang et al. 2004) , and integrin-like kinase (ILK) (Li et al. 2003) . None of these molecules demonstrated a clear association with E-cadherin reduction within colonic tumors, indicating that Ecadherin in Min colonic adenomas is suppressed by a suppressor distinct from the regulator of canonical EMT. We characterize our observations of expression of some but not all of the canonical features of EMT as ''truncated EMT''. Cell proliferation and signaling associated with truncated EMT To investigate the relationship of cell proliferation to the cells showing vimentin expression in Min colonic tumors, we used IHC to detect Ki67, a marker for proliferating cells. As expected, many cells both in tumors and in the proliferation zones near the bottom of normal crypts demonstrated strong Ki67 staining (Fig. 3f) . Consistent with previous reports on the EMT (Brabletz et al. 2001) , our results comparing Ki67 and vimentin on adjacent sections revealed a mutually exclusive pattern of expression of these two markers: regions with strong vimentin expression showed a relatively low density of proliferating cells, while those with a high density of proliferating cells contained little vimentin (5/5 tumors; Fig. 3f, g ).
Intensity of Wnt signaling and vimentin expression in intestinal tumors induced by two different Apc mutations
Loss of wild-type Apc function in intestinal neoplastic cells of Min mice constitutively activates the Wnt signaling pathway and results in accumulation of cytoplasmic and nuclear b-catenin (Behrens et al. 1998; Chen et al. 2003) . Dual-immunofluorescent staining for b-catenin and Apc protein was performed on sections of Min tumors. In the normal intestinal epithelium maintaining wild-type Apc, b-catenin was detected along cell membranes. By contrast, in neoplastic cells, where Apc was inactive, b-catenin accumulated throughout the cell, including both cytoplasm and nucleus (Fig. 3h) . Comparison with ISH for vimentin RNA on an adjacent section showed that neoplastic cells expressing EMT markers all lay in regions that showed loss of Apc protein and strong cytoplasmic/nuclear staining of b-catenin (Fig. 3h, i) . However, some neoplastic cells with strong cytoplasmic b-catenin staining were vimentin-negative. A previous study of cultured breast cancer cells has shown that vimentin can be directly transactivated by the accumulation and translocation of cytoplasmic b-catenin (Gilles et al. 2003) . Our study, by contrast, focuses on the early intestinal adenoma, in vivo.
A second genetic mouse model of intestinal tumorigenesis carries the Apc 1638N insertion allele (1638N) (Fodde et al. 1994 ). Compared to Min mice, carriers of this mutation develop substantially fewer tumors in the small intestine (Fodde et al. 1994) . Tumors in congenic B6.1638N mice appear to acquire only low levels of Wnt-signaling, unlike the strong signaling of Min mice. Immunofluorescent staining of tumors for both Apc and b-catenin revealed cells in which wild-type Apc was absent, yet, unlike Min tumors, cytoplasmic and nuclear b-catenin staining in these tumors was very weak (Fig. 3j) . ISH detected positive vimentin signals within neoplastic cells in only 2 out of 10 1638N tumors (20%, compared to 79% in Min tumors from the small intestine, P \ 0.01). Further, the spatial distribution of vimentin signals (Fig. 3k) was relatively narrow in these tumors compared to Min, while control vimentin signals could be detected in stromal cells of all tumors. Finally, a comparison of staining for vimentin RNA and Apc/b-catenin on adjacent sections demonstrated that the vimentinexpressing cells in 1638N tumors were located within the tumor regions as defined by the absence of wild-type Apc (Fig. 3j, k) . Thus, ectopic expression of vimentin is positively associated with aberrant Wnt signaling within intestinal adenomas.
Dependence of vimentin expression on the TGF-b signaling pathway
The TGF-b signaling pathway plays an important role in intestinal tumorigenesis (Bachman and Park 2005) . This pathway appears to work through the phosphorylation of Smad-family transducers (Kaklamani and Pasche 2004) . Thus, pSmad2 protein provides a marker for active TGF-b signaling (Heldin et al. 1997 We investigated further whether vimentin expression was dependent upon TGF-b signaling by examining Smad3-deficient mice which develop spontaneous tumors of the cecum and colon (Zhu et al. 1998 ), but not the small intestine. Smad3 is one of the important intracellular effectors in the TGF-b signaling pathway (Roberts et al. 2003) . IHC to detect vimentin antigen in these tumors revealed no such protein in neoplastic cells of 7 cecal and 6 colonic tumors induced by Smad3 (data not shown). We next investigated whether Min-induced tumors from the small intestine of Smad3-deficient Min mice expressed vimentin. Compared with the Min-induced tumors on the same 129 background but wild-type for Smad3 (Fig. 4a, b) , the Smad3-deficient Min tumors showed a significantly lower frequency of expression (13% vs. 82% of tumors, P \ 0.01) and much smaller regions of vimentin production. These results suggest that the strong vimentin signals we observed in Min tumors are at least partially dependent on TGF-b signaling via Smad3. The rare but finite cases of vimentin positivity (1 out of 8 Smad3-deficient Min tumors) can perhaps be explained by a functional redundancy in the Smad family.
Dependence of vimentin expression on the Ras signaling pathway Activated Ras signaling has been reported to be a key condition for EMT initiation in most in vitro studies (Janda et al. 2002; Gotzmann et al. 2004) . To investigate the Ras signaling pathway, immunohistochemistry was performed with a monoclonal antibody against phosphorylated-p44/42 mitogen-activated protein kinase (pMAPK), a marker for active Ras signaling (Marais and Marshall 1996) . The Min tumors demonstrated positive pMAPK staining in some regions (Fig. 4c) . Surprisingly, staining of pMAPK in these colonic tumors did not correlate with vimentin expression (Fig. 4d) . Instead, positive pMAPK staining is correlated in general with a low expression of vimentin (Fig. 4c, d , black arrows), and strong vimentin expression was correlated in general with weak pMAPK staining (Fig. 4c, d , white-filled arrows). This in vivo result indicates that although Ras signaling may be needed to induce vimentin expression, persistent signaling through MAPK phosphorylation is not required for vimentin expression.
Discussion
As summarized in Table 1 , we have observed strongly elevated expression of vimentin, a traditional mesenchymal marker, during the earliest stage of tumorigenesis in three different mouse models of human intestinal cancer. Similar observations in spontaneous benign human colonic adenomas indicate that our observations in the mouse may also be relevant to the human disease. Along with elevated vimentin expression, we have also observed several molecular events in neoplastic cells commonly associated with cancer-associated EMT, including loss of the epithelial marker E-cadherin, increase of the mesenchymal marker fibronectin, decrease of proliferation, and strong associations of vimentin expression with Wnt and TGF-b signaling.
Only a subset of the neoplastic cells in the three invasive human colonic adenocarcinomas we have tested demonstrated production of vimentin. Thus, perhaps vimentin expression is elevated only at early stages of tumorigenesis before the gene is silenced by hypermethylation. Indeed, hypermethylation and possible silencing of the vimentin gene have been detected in colonic cancer cells within stool samples of some adenocarcinoma patients (Chen et al. 2005) . Further investigation is needed to clarify whether the vimentin gene is hypermethylated in the human adenocarcinoma cells lacking vimentin expression. The mesenchymal features gained in EMT, such as enhanced motility, facilitate tumor invasion and metastasis. Therefore, this process is generally assumed to be an event associated with the late stages of tumorigenesis (Gotzmann et al. 2004; . In fact, cells undergoing EMT in human cancers have usually been found on the invasion front of a malignant tumor (Gotzmann et al. 2004) . What is the functional significance of these molecular EMT signatures for neoplastic cells of early Min-induced dysplastic epithelial adenomas which lack signs of invasion and metastasis (Figs. 1a and  2c, f) ? Truncated EMT may be important in tissue remodeling.
Rapid proliferation leads to dramatic morphological changes of the intestinal epithelium during adenomagenesis, including loss of the cellular monolayer. Consequently, such cells lose their polarity and intercellular tight junctions. Although adenomas have not acquired the morphological features of mesenchyme, some have started to lose their epithelial features, as in the initial steps of EMT. Thus, the molecular alterations we have observed may cause or reflect the morphological changes involved in dysplasia, but not in the hyperplastic polyp. Yet, the end result of typical EMTtumor cells with mesenchymal morphology and nuclear translocation of b-catenin-are absent in mouse and human intestinal adenomas. Accordingly, we hypothesize that the adenoma cells expressing elevated vimentin are undergoing truncated EMT, which would promote tissue remodeling, but would not necessarily lead to complete EMT.
Tissue remodeling occurs continuously during tumorigenesis (Herzig and Christofori 2002) . Some genes whose functions in neoplasia were initially thought to be associated with metastasis may also play an important role in tissue remodeling at the dysplastic adenoma stage. One such example is matrix metalloproteinase 7 (MMP7), which had been expected to be involved in tumor invasion. Instead, loss of this metalloproteinase in an Mmp7 knockout allele strongly reduces the multiplicity of Min intestinal adenomas (Wilson et al. 1997 ). Boudreau and colleagues (2007) have suggested that the loss of tight junctional communication in the epithelium, owing to a deficiency in cathepsin L, accounts for a major increase in the multiplicity of Min adenomas. Thus, the core molecular alterations traditionally associated with EMT may also act to increase the plasticity of early tumors and facilitate their dysplastic expansion from the epithelial sheet.
Other observations in adenomas, besides the expression of vimentin and loss of E-cadherin, reinforce the resemblance to EMT. The Wnt pathway is involved in both developmental (Kemler et al. 2004 ) and invasive EMT (Taki et al. 2003; Brabletz et al. 2005) . We observed a positive association of vimentin expression with activated Wnt signaling, consistent with recent reports of a strong association between EMT and Wnt-signaling (Eger et al. 2000) . Members of the TGF-b family can induce and maintain EMT through Smad-dependent pathways in several models (Zavadil and Bottinger 2005) . Thus, our results are also consistent with a positive effect of the TGF-b signaling pathway on EMT (Janda et al. 2002) . Further, we observed a negative correlation between cell proliferation and vimentin expression, consistent with previous reports on EMT (Brabletz et al. 2001) .
Certain of our observations, however, are inconsistent with canonical EMT. For example, Ras signaling, critical for complete EMT (Janda et al. 2002; Gotzmann et al. 2004) , is silenced in the neoplastic cells expressing vimentin (Fig. 4c, d) . Further, expression of fibronectin, another mesenchymal marker normally associated with EMT (Yang et al. 2004) , did not show a consistent correlation with expression of vimentin. Finally, Snail and several other canonical E-cadherin suppressors/EMT inducers did not demonstrate association with reduction of E-cadherin and increase of vimentin in murine colonic adenomas. Perhaps these exceptions mark the difference between full EMT involved in metastasis and truncated EMT involved only in tissue remodeling.
This truncated EMT hypothesis can be actively addressed in mouse models by combining array analysis with constitutive or conditional inactivation of genes of interest. In particular, a cluster analysis of genes whose expression in adenomas mirrors those of vimentin and Ecadherin may lead to the identification of molecules that participate in the hypothesized dysplastic remodeling process.
Recent reports indicated that the tendency of tumors to metastasize may be predetermined by molecular changes during early tumorigenesis (van de Vijver et al. 2002) or by host polymorphisms (Hunter 2005) . A possible relationship between truncated EMT and metastasis could be investigated given a mouse model with predictable invasive and metastatic colon cancer. Progress toward obtaining such a model of invasive tumors may exist in Min mice deficient in the ephrin receptor (Batlle et al. 2005) . Further, transgenesis for genes required for typical EMT, such as activated Ras, Snail and integrin-like kinase, may contribute to EMT and the invasion/metastasis potential of mouse models. In such animals, conditional overexpression or ablation of related genes, including vimentin, fibronectin, and E-cadherin could be used to test their individual effects in the causation of the EMT.
In the present report, we have succeeded in using cellular markers to identify molecular alterations associated with EMT in neoplastic cells of epithelial origin. This extensive study provides an important initial insight into the cell biology of early stages in tumorigenesis. The power of contemporary mouse genetics can now be brought to bear to evaluate the mechanisms and importance of truncated EMT.
